Tinnitus refers to the perception of a sound in the absence of any physical source, and it is widely believed that this phantom sound is generated in the central nervous system. Thus the activation of neuronal cell assemblies is chronically changed in patients with an ongoing tinnitus perception. We used magnetoencephalography to investigate these changes in a resting condition. There was an increase of synchronized activity in the gamma and delta frequency range together with a decrease in the Ci band. Manipulation of these cortical networks by means of neurofeedback therapy resulted in a reduction of tinnitus loudness and distress. In this article we review the basic research and the clinical studies conducted in our laboratory and propose a model that explains the results and helps guide future research and therapy.
concentrate at work, and affecting social interactions, as well as causing psychiatric distress.
2
Several programs are currently available that help chronic tinnitus patients cope with their tinnitus sensation, or adapt to it, but there is still no effective cure that eliminates the tinnitus.
Many affected individuals are able to localize their tinnitus to one or both ears, and in most cases the tinnitus sensation is accompanied by an audiometrically measurable damage to the cochlea. Thus one may think that the tinnitus is generated in the ears; however, this is most likely not the case. If the phantom sound was generated in the ears, a transection of the auditory nerve would reliably eliminate the ongoing perception of the tinnitus sound. To date, there is much evidence refuting this view. In only a small percentage of patients does the auditory nerve section lead to relief from tinnitus, and the majority of patients still experience tinnitus after the surfery.3,4 Furthermore, Berliner and colleagues report that in 50% of a sample of patients without tinnitus, the surgical removal of an acoustic tumor resulted in tinnitus after the operation. Also, if the tinnitus was generated in the periphery, a systematic enhancement of spontaneous activity in auditory nerve fibers would be present. As summarized by Eggermont and Roberts,6 changes of spontaneous firing rate in the auditory nerve is rather unsystematic. The technique used to induce tinnitus in animals affects the outcome with a decrease, an enhancement, or no change of spontaneous auditory nerve activity. Regardless of the technique used, all forms led to tinnitus in the animal. These results suggest that for the majority of cases the sensation of tinnitus originates in central rather than from peripheral parts of the auditory system. A large body of studies demonstrates the importance of central structures in tinnitus. Tinnitus-related changes of the spontaneous activity can be found throughout the central auditory system. The spontaneous firin 9 rate is enhanced in the dorsal cochlear nucleus, the inferior colliculus, and the primary and the secondary auditory cortex. 6 But altered activity also can be found in nonauditory structures. Mirz and colleagues reported a reduction of the regional cerebral blood flow when the tinnitus sensation was suppressed by lidocaine or masking. These suppressions were mainly located in the middle frontal, the middle temporal, and the posterior sites of the right hemisphere. s
In addition to alterations of cortical activity, there also are reports on structural changes of the central nervous system in tinnitus patients. In a voxel-based morphometry study, Mlihlau showed a decrease of gray matter density in subcallosal regions and a gray matter increase in the posterior thalamus and the medial geniculate nucleus for tinnitus subjects compared with healthy controls. 9 Investigating the structural connectivity of the temporal cortex with frontal and parietal sites via diffusion tensor imaging, Lee et al demonstrated a reduction of white matter density for the left frontal and right parietal arcuate fasciculus in . . . 10 tInnitus patients.
The most influential hypothesis on how tinnitus is generated in the cortex is based on reorganizational processes within the auditory system. Animal and human research has shown that profound hearing loss can lead to a reorganization of the tonotopic organization in the d " 6 11 12 H h ' 1 au ItOry cortex." owever, t ere IS no c ear relationship between hearing loss and the tinnitus sensation, given that a considerable number of patients with hearing loss do not suffer from tinnitus. K6nig and colleagues 13 analyzed the audiograms of two groups of patients that all suffered from noise-induced hearing loss: one group with and one group without tinnitus. In this sample, the tinnitus group showed even a smaller amount of hearing loss than the nontinnitus group. However, looking at the shape of the audiogram curve, they found the maximum steepness of the audiogram to be greater in patients with tinnitus than in patients without tinnitus. Conceptually, a steeper slope would translate into a more abrupt transition from normally afferented to deprived tonotopic regions. How this state enhances the likelihood of producing tinnitus-relevant neuronal activity is unknown. More research is needed to understand the relationship between hearing loss and cortical reorganization at the primary auditory cortex, which also includes knowledge about the contribution of damage to the inner and outer hair cells in the cochlea.
To understand further the cortical mechanisms that underlie tinnitus, we conducted several studies investigating the spontaneous oscillatory activity of the human cortex in subjects with and without an ongoing perception of tinnitus. Using magnetoencephalography (MEG) and electroencephalography (EEG), we measured electric activity in large populations of neurons. Simultaneous activation of a large number of neurons can be understood as a weighting mechanism of the brain whereby the more relevant information is conducted by cell assemblies that fire in synchrony. Due to technical constraints, described in more detail later, MEG and EEG record signals from the brain only if the neuronal population is large (> 10,000 neurons) and if they are activated in sync.
In the resting state, the most relevant difference between a group of healthy controls and tinnitus patients is the perception of a phantom sound in the latter group. Note that the term "spontaneous activity" in this context refers to synchronized activity of the human cortex while the subjects are resting without any cognitively demanding task. Whereas the "spontaneous activity" or "spontaneous firing rate" in animal research typically refers to spontaneous discharges of single or multiple neurons that may, or may not be, in sync. In the following we outline in brief the basic principles of recording cortical activity via EEG/ MEG and provide a review on recent findings in our laboratory.
CORTICAL ACTIVITY IN NEURAL NETWORKS
The human brain consists of rv10 10 neurons with an estimated 10 14 connections among them. Thus each neuron is connected to rvl0 4 other neurons. The vast majority of these neurons are located in cortical layers and form a complex network of rich connectivity. Most of the input to cortical cells arrives from other cortical cells as described by Braitenberg and Schutz,14 who estimate that 99% of all connections are intracortical connections. As suggested by Hebb,15 these neurons are organized in neural cell assembles (NCAs) that typically connect neurons in the close neighborhood to each other but also make long-range connections to other NCAs. Thus the anatomical properties of brain networks share the characteristics of small-world networks. 16 ,17 We can thus view the neurons as nodes, and the connections between them as links of the network. One of the most important features of smallworld networks is that information can travel within such a network very efficiently from one node to another. 18 The principle of small-world networks has been found in anatomical as well as in functional descriptions of neural networks. 16 The functional description of neural networks does not refer to physical connectivity; rather, it describes the relationship among the observed cortical activities. MEG and EEG only allow for assumptions of the functional properties of neural networks. In recent years, several studies have demonstrated small-world properties of functional neural networks using MEG and EEG. 19 -21 Within this framework, Bassett and colleagues 19 were able to show that the architecture of the functional neuronal network appears to be different for various frequency bands. To circumscribe these networks fully, we need to integrate information of their local and global properties specific to different frequency bands.
MEASURING CORTICAL ACTIVITY
The idea of measuring electrical activity of the human brain can be traced back to Hans Berger, 22who did the pioneering work in recording small electrical voltages between electrodes attached to the head of the subject. If a single electrode is placed at the scalp, it measures the spatial summation of electric potentials of the underlying tissue. The electric activity of a neuronal population generates a local field potential, which can, if great enough, be detected as a power change at the surface. Because the potential of a single active neuron is too weak to produce a signal in a superficial electrode, a summation of at least 10,000 neurons is needed. These electrical potentials must be modulated in synchrony, and all currents must point in the same direction to create a sufficiently strong local field potential. Thus power enhancements recorded in EEG/MEG reflect local synchronization of a large neuronal population. As a consequence, oscillating activity of a neuronal cell assembly with a high percentage of short-range connections in the close neighborhood should lead to an increase of local synchrony measures (i.e., amplitude enhancement in the frequency of the oscilla tion) on the surface.
To investigate long-range connections of NCAs, power measures alone are not helpful. Imagine a scenario in which two cell assemblies are located in different areas of the brain but connected by a few long-range connections. If the influence of the first NCA on the second is sufficiently strong, an oscillation in the first cell assembly should evoke the second to engage in oscillating activity of the same frequency. Because of the distance between the NCAs, there will be a time lag between the two oscillations. This sort of long-range syn chrony cannot be measured by power enhance ments of a single electrode. Rather, one would need a measure that is able to mirror the time lag between the activation of several electrodes. Phase-locking analysis as described by Lachaux and colleagues 23 
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, Because this power spectrum was collected over 148 channels of the whole head, no specific statement about the origin of the ab normal cortical activity can be made. Thus, in a second step, a minimum norm estimation was used to estimate the underlying source activity that generates the signal at the surface sensors. Applying this technique to the data of this study, it was revealed that the a reduction and delta enhancement in tinnitus mostly orig inate from temporal areas in the cortex (Fig. 1 , top and bottom).
Finally, in an attempt to relate this ab normality to the tinnitus symptoms, dipole activity of the alpha and delta frequency bands were correlated with the individual tinnitus distress ratings. To provide a more simplified overview, we only present (Fig. 2 ) the corre lations of the combined frequency index (delta -alpha)/(delta + alpha) with the total score of the Tinnitus Qyestionnaire. Correlations be tween the tinnitus distress and the abnormal spontaneous activity of the alpha and delta frequencies were strongest in the right tem poral and the left frontal area. Overall, effects were greater for the alpha than for the delta frequency band.
Gamma Enhancement
The study just described was restricted to frequencies in the range of 1 to 35 Hz. In the second study on local synchrony of NCAs, we included gamma frequencies up to 90 Hz. 29 A sample of 26 tinnitus patients and 21 healthy controls were included in this study. In the tinnitus sample, 7 patients localized their tin nitus predominantly to the right side, 9 to the left side, and 10 subjects reported their tinnitus to be equally loud in both ears. According to the German adaptation of the Tinnitus Qyes tionnaire,27 16 patients in this sample suffered from slight tinnitus distress, 4 from moderate, 3 from severe, and 2 from very severe distress.
Again, patients were recorded for 5 minutes with eyes open in the MEG. The data were down-sampled to 450 Hz, and a source mont age of eight regional dipoles was generated to concentrate on temporal sources. Two dipoles were located in the left and right auditory cortex, and the six remaining dipoles were placed in the left/right frontal, left/right parietal, and near the anterior and posterior cingulum. The signals from the 148 sensors were projected on this montage with respect to individual head sizes. The purpose of this approach was to restrict the analysis to signals that mainly originate from the auditory cortex. The six additional sources served to capture brain activity occurring in other regions. Thus the locations of these sources were predefined by the investigators and are not a result of a dipole fitting approach. In the following we report only data from temporal areas.
To study the differences in local gamma synchrony between tinnitus and control subjects, we analyzed frequencies in the 40-to 90-Hz range originating from auditory areas: The gamma power in the tinnitus group was signifi cantly enhanced (t(89) = 2.9, P< 0.01) relative to the control group (Fig. 3 ). There was no significant correlation between gamma band activity and individual distress ratings. To in vestigate the mutual interrelation of the delta, a, and gamma frequency band, the individual val ues of the three frequency bands are plotted against each other in Fig. 4 . The left panel in this figure again demonstrates the findings of our first study: increased delta power accompa nies a decline in alpha power. The middle panel shows a strong negative relationship between alpha and gamma band activity. In the right panel the interaction of delta and gamma activity appears to be nonlinear, with extremely low and 0600~ ~Lb ....
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• .!~ ~ -" high delta values associated with lower gamma, whereas midrange delta activity is associated with greater gamma band activity. Later we describe another study on the interaction of slow-wave activity and gamma power in the temporal cortex.
NEUROFEEDBACK WITH TINNITUS: A THERAPEUTIC INTERVENTION FOR RESHAPING ABNORMAL CORTICAL ACTIVITY
Neurofeedback provides real-time feedback of cortical activity to the subject. The goal of this technique is to provide the subject with the opportunity to manipulate his or her own cortical activity into a desired direction. If the user is successful in this manipulation, positive feedback is provided. Neurofeedback is an operational learning process: There are no in structions to the subjects on how to manipulate their own brain activity; the users gain cogni tive control over their cortical activity by contingent feedback about the success or failure of their behavior. We based our neurofeedback intervention on the findings of abnormal cortical activity in tinnitus as described earlier. Because abnormal ities in the alpha and delta range are associated 'A;'ith tinnitus distress, the aim of the treatment was to reshape cortical activity in these fre quency bands. We used an electrode setup that was designed to record brain responses mostly originating from the auditory cortex. Online . . feedback of the EEG signal was provided visually in form of a cartoon fish presented on a monitor in front of the patient. The partic ipants were asked to move the feedback signal into a target area reflecting 'normal' cortical activity.
Neurofeedback as a Treatment for Chronic Tinnitus
In this study of neurofeedback,3o we included 21 chronic tinnitus patients (9 women) ages 31 to 62 years (mean, 48 years). The mean tinnitus duration in this sample was 8.7 years (SE ± 1.6), the average loudness of the tinnitus sound, as matched via a 1-kHz tone, was 25 dB hearing level (SE ± 2.6). Overall, the patients in this study reported slight levels of tinnitus distress according to the German version of the Tinnitus QIestionnaire: 26.5 points (± 3.4). The EEG signals were recorded from four electrodes attached to frontocentral positions (F3, F4, FC1, and FC2). The patients were assigned to one of the following three feedback protocols: (1) reward for increments of the ratio between alpha (8 to 12 Hz) and delta power (3 to 4 Hz); (2) reward for increments of power in the alpha band; (3) reward for reduction of power in the delta band. Ten individual ses sions for every participant were conducted that lasted 30 minutes each, distributed across 4 weeks. Before and after the training sessions, we recorded 5 minutes of resting EEG via the four frontocentral electrodes. Except for the different protocols, the design of the study was similar for every participant.
To estimate the specific effects of the neurofeedback training on tinnitus, we com pared the results from the neurofeedback train ing with results from a training approach, called frequency discrimination training (FDT). The FDT also consisted of 10 sessions: however, the treatment time was longer at 120 minutes per session. Twenty-seven pa tients with chronic tinnitus participated in the FDT. The patients of the FDT group were an average of 53 years of age (ranging from 24 to 65 years) with tinnitus duration of 9.1 years (SE ± 1.48, range, 1 to 32 years). Patients were to differentiate between two pure tones with the distance between the tones decreasing with increasing success. The frequency range of the training tones lay in the hearing loss range, thus activating the deprived zones of the tonotopic map with behaviorally relevant input. Further more, patients wore a hearing aid that en hanced frequencies in the hearing loss region.
To compare the two groups with respect to the tinnitus distress, a repeated measures anal ysis of variance (ANOVA) was performed with the between-subject factor of "group" (neuro feedback versus frequency discrimination), and the within factor of "time" (pre, post, and 6-month follow-up) revealed a significant group*time interaction (F(2,72) = 3.73, p= 0.008). There was no significant reduction of tinnitus distress in the FDT sample: hence we concluded that the improvements in the neuro feedback group were a result of successful intervention and not simply a placebo treat ment effect.
Patients in the neurofeedback group dem onstrated a considerable ability to regulate the amplitudes of their brain waves by means of the neurofeedback training procedure. Overall, the alpha-delta ratio increased sig to 325%). The tinnitus intensity decreased substantially from 25 dB (SE ± 2.6) before to 16.9 dB (SE ± 2.9) after the treatment.
Contrasting the pre-and post-measuring points revealed a highly significant reduction of tinnitus intensity (F(1,13) = 16, P= . 008).
The reduction of the perceived tinnitus intensity and the normalization of the alpha-delta ratio are strongly correlated with r=-0.74 (p<0.001; see Fig. 5 ). Thus the patients who successfully modified their oscil latory brain activity were the ones who bene fited most from the therapy. Tinnitus-related distress was also noticeably reduced in the neurofeedback sample from a mean of 26.5 points on the Tinnitus QIestionnaire (SE ± 3.35) at the beginning to 19 points (SE ± 3.3) at the end of the last session (Fig. 5B) . Mter 6 weeks the sample showed a very slight increase in the distress score (20 points; SE: ± 4.14) that persisted up to 6 months (20.5; SE: ± 5.38). enhancement of the alpha-delta ratio. An even abolishment of the tinnitus sensation enhancement of this ratio, however, does not (Fig. 6 ). Tinnitus intensity reduction in this reflect definitively a simultaneous change of group was 78%. Comparisons with the "delta", both bands. It could be also a result of readjust "alpha", and "no change" cluster revealed ment in only one of the two frequency bands. significant group differences for the latter To resolve this issue, patients were classified in two groups (t(7) = 1.6, P= 0.07; t(9) = 2.9, four groups based on their ability to modifY P< 0.01; t(6) = 2.7, P= 0.02; respectively). alpha and delta irrespective of the feedback Based on our previous findings of a neg protocol. This analysis shows that participants ative linear correlation between alpha and who modified both bands simultaneously gamma power, we hypothesized a decrease of showed the strongest tinnitus reduction or gamma power in those patients that are able to The 21 patients were grouped into four clusters depending on their ability to change their cortical activity in the alpha and delta frequency range. Four subjects were able to alter both frequency bands, six patients only changed their delta activity, seven only the alpha activity, and four participants were not able to modify either of the frequencies. In the "both bands" group, tinnitus intensity was reduced by 78% (SE ± 17), in the delta group the reduction was 36% (SE ± 15), in the alpha group the decrease was 30% (SE ± 7). and in the "no change" group the reduction was only 16% (SE ± enhance their alpha power. Thus we split the sample in two groups with the first group comprised of patients with a pre-to-post alpha change above the median of the sample and the second group below the median. The change of gamma power in the 30-to 45-Hz range was calculated by dividing the post gamma power by the gamma power measured before the therapy. Thus a value of 1 would indicate no change of gamma power as response to the therapy. In the group of "alpha enhancers," the gamma power significantly decreased (t(8) = -3.1, P= 0.01), whereas gamma power increased in the second group (t(8) = 2.4, p= 0.04). Note there was no feedback given for the gamma power, so the changes in this frequency band occurred concomitantly with the changes in the alpha and/or delta frequency band that the patients intended. Although the gamma reduction in the alpha-enhancer group is in line with previous results, the gamma enhance ment in the second group alpha surprising. However, this is most likely a consequence of the median split in this case. The group of "alpha nonenhancers" turns out to be hetero genic grouping together of patients who re duced alpha and patients who did not change their alpha at all.
To summarize the results of the first neu rofeedback study, we learned (1) the patholog ical pattern of cortical activity as present in chronic tinnitus patients can be modified via neurofeedback training, (2) those patients able to change activity in the delta and the alpha frequency band simultaneously benefit most from the treatment, and (3) concomitant with the alpha power increase, the gamma power decreased, even though it was not the intention of the treatment protocol.
Abnormal Global Synchrony in the Resting State
Synchronization between NCAs can occur over long distances in the brain. We wanted to measure global synchrony between cortical areas without prior restrictions by using a brain montage of coarsely defined sources through out the cortex. We projected signals that were recorded at 148 MEG sensors to sources in the temporal, frontal, and parietal regions of both hemispheres, as well as to the anterior and posterior cingulum. The data were down sampled to 450 Hz, and 1 artifact-free minute was selected for subsequent analyses. A Morlet wavelet (m-factor = 7) was used for estimation of the instantaneous phases in the frequency range of 1 to 90 Hz. This phase information was used to calculate the phase-locking value (PLV), which may be an operationalization for functional neural connectivity.2J In this case the phase difference between two signals is calculated and tested for stability across all time points. The PLY (from zero to one) increases the more the distribution within a unit circle deviates from uniformity, with a PLV of one indicating perfect phase coupling between the two signals. An increased PLY between two sources is thus interpreted as an increased synchronization between NCAs of the given brain areas.
In this study, we tested 21 individuals with tinnitus (five women) and 20 normal controls (six women) (W. Schlee and colleagues, unpub lished data, 2008). All tinnitus patients suffered from chronic tinnitus with a mean duration of 6.2 years (range, 1-15 years). Tinnitus severity was assessed with a standardized German ques tionnaire;27 values varied in this sample between slight (4 points) and severe (50 points) distress with an average of 23.6 points.
In the first step of the data analysis, we identified the frequency bands that display a group difference in their resting-state brain network. We normalized the data by divid ing each PLY by the mean phase locking over all frequencies and all connections of each single subject. We then averaged the frequency-specific PLVs in both groups. Fig. 7 shows the spectrum of interareal syn chronization for both groups: There was a remarkable increase of phase synchronization in the et band (9 to 12 Hz) for the control group that was completely absent in the tinnitus group. Furthermore, we observed an increase of gamma synchronization in tinnitus that spans a frequency range from 40 to 70 Hz, whereby only the frequency bins in the range from 48 to 54 Hz remained statisti cally significant after Bonferroni correction (all p < 0.001). There was no significant group difference in the global synchrony of Alph~ Network (9-12 H1:) the delta frequency range, whereas in studies counterplay of alpha and gamma discriminated on the local synchrony of NCAs as described well between subjects with and without tinni earlier, we found significant enhancement in tus. In tinnitus patients, the alpha synchronies the delta band.
Global Phase Locking
were low, and gamma was high. In control In a second step, we were interested in the subjects, alpha connectivity dominated, whereas connectivities that account for the group differ low synchronizations occurred in the gamma ences in the alpha and gamma bands. The same ,range. Calculating a discriminate analysis with statistical tests were applied for every single cross-validation, we were able to predict group interregional connection, and the result is membership based on the network activities shown on the right-hand side in Fig. 7 . On a with an accuracy of 83%. group level, the alpha network of relative de synchronization and the gamma network of enhanced synchronization revealed different ar
INTERACTION OF SLOW-WAVE chitectures. Thus the two networks most likely

ACTIVITY AND GAMMA POWER IN
involve different pathways. However, this does THE TEMPORAL CORTEX not mean they are functionally unrelated.
As described earlier, the spontaneous brain ac To test this, we observed the activity tivity in the temporal cortex of tinnitus sufferers within the alpha and gamma networks on a is characterized by an increase in delta power, a single-subject level. In Fig. 8 we plotted the decrease in alpha power, and an increase in summed activity of the alpha network against gamma power. The enhanced slow-wave activity the summed activity of the gamma network, at a cortical level could be the result of spike which revealed a strong negative relationship bursts from the thalamus, which are conducted (r = -0.71, P< 0.001) between them. When to the cortex via thalamocortical afferents.
ever the synchronization in the alpha network Sensory deprivation marked by enhanced was high in a subject, the synchronization of slow-wave activity at the cortical level can lead the gamma network was low. Furthermore, the to an inactivation of intracortical inhibitory neurons, which distorts the balanced system of lateral inhibitions in cortical structures. This leads to high-frequency oscillations in a zone between normally afferented and deafferented regions, which is described as the "edge effect.,,31,32 According to Jeanmonod and colleagues,33 spike bursts in thalamic nuclei occur in regular rhythms of "-'4 Hz and may be a result of hyperpolarization because of deaf ferentation or overinhibition. These rhythms are associated with positive symptoms in clinical disorders such as neurogenic pain, Parkinson's disease, depression, and tinni tus. 31 In the tinnitus framework, damage to the hearing system most likely leads to a deafferentation of thalamic neurons with their characteristic frequency in the affected region and thus triggers the cascade of the edge effect described earlier.
Individual Network Activations
To test this hypothesis, we analyzed the spontaneous resting MEG of 26 chronic tinni tus patients (6 women; mean age: 45 years. age range. 20 to 65 years) and 21 control subjects with normal hearing (16 women; mean age. 35 years; age range. 23 to 78 years). 34 The average tinnitus distress in this sample was 27.5 (SE ± 3.5) points on the Tinnitus Qyestionnaire, and the overall tinnitus dura tion was 6.8 years (SE: ± 1.0). Nine subjects reported tinnitus lateralized to the left ear, seven subjects lateralization to the right ear, and ten patients perceived their tinnitus equally on both sides.
Data were recorded using a 148 whole head MEG system. Only the signals originating in temporal sources were used for the analysis (see Weisz et al 34 for more technical details). First, we selected peaks of increased slow-wave activity in the data stream by applying a Hilbert transformation to the 2-to 7-Hz bandpass filtered signals. The Hilbert transformation produces a time series of complex numbers, and we calculated the squared modulus of this series for peak selection. We selected those peaks with a magnitude above the median of all points but only when there were no other peaks in the previous 750 milliseconds time window. Approximately 30 peaks fulfilled the criterion for each subject and hemisphere. A trigger was set to these points and the time windows 750 milliseconds pre and 1250 milli seconds post the slow-wave peak of the original data were analyzed with a Morlet wavelet (m-factor = 7). 
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Tinnitus Laterality A B Figure 9 (A) Normalized power spectrum (± SE) over temporal regions at the baseline (Bl) before the slow-wave peak and after it (Post). In both groups, gamma 55-to 60-Hz power increases as response to the slow-wave activity. At all time points, there is a gamma increase in the tinnitus sample compared with the control group. (B) The laterality index (lH -RH)/(lH + RH)) reflects asymmetrical distribution of gamma power over left and right temporal areas. A positive value indicates lateralization to the left hemisphere. Gamma laterality was absent in subjects with bilateral tinnitus. However, in subjects who perceive unilateral tinnitus, gamma power was lateralized to the contralateral hemisphere. (Redrawn from Weisz et a1 34 ) SE, standard error of the mean.
Thus we were able to analyze the modu lation of gamma power in a time window around a slow-wave peak. Indeed, we found a systematic increase of gamma activity in the 55-to 60-Hz frequency range following the low-frequency peak (Fig. 9) . The gamma power increased from pre to post by ",-,33%. This time course appeared in tinnitus patients as well as in control subjects, suggesting that the same neural mechanism occurs in both groups. However, in the tinnitus sample, there was generally more gamma power before and after the slow-wave peaks than in the control group. The permanent enhancement of gamma in the tinnitus group was "'-'30%. An ANOVA analysis revealed a main effect individually perceived location of the phantom sound and the gamma laterality in temporal regions. In the case of unilateral tinnitus, the gamma power was increased contralateral to the reported side. For bilateral tinnitus, there was no lateralization of gamma activity (Fig. 9) .
In sum, we found evidence supporting the hypothesis that low-frequency activity, which most likely stems from deafferented regions at the thalamic level, triggers high-frequency responses in the temporal cortex. High frequency responses in the gamma range are overall augmented in tinnitus sufferers and are significantly associated with the perceived tinnitus laterality.
CONCLUSION
The goal of this research was to investigate pathological changes in the activity of neuronal cell assemblies in tinnitus patients and how these abnormalities relate to the tinnitus per cept and the tinnitus distress. We studied the NCA activation on a local and a global level, that is, the synchronization of neural activity within one cortical region and between differ ent cortical regions. The studies on the local synchrony were mainly focused on temporal regions: We report an enhancement of delta and gamma power as well as a reduction of alpha power compared with healthy control subjects. 26 ,29 This deviation correlates with tinnitus distress. 26 Moreover, neurofeedback therapy leads to normalization of this deviant pattern and a reduction of tinni tus distress and tinnitus loudness.
3o Further more, there is a linear negative relationship between alpha and gamma power;29 neurofeed back intervention leads to an enhancement of alpha power and a concomitant reduction of gamma power. 30 Furthermore, the distribution ofgamma power over the left and right temporal cortex accounts for the laterality of the perceived tinnitus. 34 Studying the synchronous activity ofNCAs between cortical regions in tinnitus reveals a reduction of long-range synchrony in the alpha range and an enhancement of long-range syn chrony in the gamma range relative to normal controls. The global alpha network activity is negatively associated with the gamma network activity, and this pattern discriminates well between the tinnitus and the control group (W. Schlee and colleagues, unpublished data,
2008).
The alpha reduction and the gamma enhancement was observed in both studies on the local synchronization of NCA struc tures and in studies on the global synchroni zation, The enhancement of slow-wave amplitudes in the delta range, however, was observed only at the local level; enhanced synchrony between cortical regions was not found. Thus the tinnitus-related neuronal cell assemblies that fire in the Cl and gamma frequency range mainly involve the auditory cortex and also span over distant cortical regions in the brain. On the other side, abnormal NCA activity in delta range is restricted to temporal regions.
In the following we want to propose a model explaining the results:
1. A reduction of afferent input to the thala mus leads to hyperpolarization and makes the thalamic cells switch into the burst firing mode. 35 These bursts occur in a slow-wave rhythm of ",4 Hz and 33 are relayed to the responding cortex area through thalamocortical conductance. Be cause tinnitus is mostly associated with profound hearing loss, this leads to a deaf ferentation and thus hyperpolarization of the medial geniculate bodies (MGBs) at the thalamic level, which results in burst firing of these cells. Most of the MGB fibers project to the temporal region,6 so the bursts appear at the cortical level and are detected as enhanced delta power in the corresponding neurons of the auditory cortex.
Thus there are two "groups" of neurons in the auditory cortex. Neurons with their char acteristic frequencies in the hearing loss region are subject to burst firing by the thalamus. However, neurons with their characteristic fre quency corresponding to those of undamaged cochlear regions receive normal input. Accord ing to the edge effect as proposed by Llimis,32 there will be an increase of gamma activity at the edge between the deafferented and the normally afferented regions of the auditory representational cortex.
That gamma activity frequently comes along with slow-wave activity finds support in the study in which we observed the modulation of gamma oscillations as response of slow-wave peaks. 34
2.
Based on the present finding, however, we assume the relationship is not a direct one but is mediated via a downregulation of inhibitory mechanisms. Adding to the edge-effect model, we hypothesize that these ongoing inhibitory mechanisms or the effects of these mechanisms are ex pressed as oscillatory activity ~10 Hz. 36 All of the studies described in this article are recordings during the resting state (i.e., there is no specific stimulation or task given to the subjects). In the normal and healthy brain, this resting state is characterized by a prominent synchronization of NCAs in the alpha range (Figs. 1 and 7) . Synchronized ex activity is assumed to be an indicator for active inhibition of cortical activity, whereas alpha desynchronization reflects a release of . h'b" 3637 S {" h' . In I mon.' upport lOr t IS vIew comes from studies that show event-related ex de synchronization in brain regions that are relevant for a cognitive task together with an event-related alpha synchronization in brain regions that are irrelevant for the task. 38 -- 40 We assume that the same mech anisms account for the resting state and here explain the gamma synchronization in tin nitus. For the auditory cortex this model has been recently elaborated by Weisz et al 36 (now termed "synchronization by loss of inhibition modulation," SLIM), which as signs an active inhibitory functional role of ex even under rest. The SLIM model pre dicts the emergence of spontaneous syn chronization of neuronal activity at points along the tonotopic map in which inhibitory loss is strong enough and at the same time deprivation-related hyperpolarization not too pronounced. Local synchronization ex pressed as high-frequency (gamma) oscilla tion is assumed to be a necessary condition for conscious awareness. 41 On a perceptual level, the SLIM model accounts for the fact that even though hearing losses in tinnitus are frequently very broadband, the percept is usually described as tonal or at least a narrow band noise with a pronounced pitch. How ever, local synchronization is not a sufficient condition for conscious perception but needs the coordinated action of low-level sensory brain regions and higher-order areas. Extending the original SLIM model we assume that in addition to regulating synchronization at a local level, alpha desynchronization generally gives gamma oscillations the opportunity to synchronize over long distances. This is elaborated in Fig. 10. 3. Not all sounds nor all pictures or body sensations that are processed in the sensory system also reach the level of conscious awareness. It has been proposed that con scious and unconscious perception depends on the extension of synchronization in neu ronal assemblies. 42 According to this as sumption, conscious perception would require long-distance synchronization of neuronal activity; however, in the case of unconscious perception there would be a short-range synchronization of neural activ ity. In fact, several studies support this view by showing that global synchronization in the beta or gamma range is correlated with . . 4344 Th {" consclOus perceptlOn. ' erelOre we as sume that global gamma synchronization is needed to get a conscious perception of the tinnitus sound.
Thus we propose that the conscious perception of tinnitus is a consequence of two factors: First, a deafferentation of thalamic (MGB) cells leads to burst firing of the thalamus and gamma activity in the temporal cortex mediated via a circumscribed knockout of inhibitory processes reflected in a reduced alpha level. Second, a global desynchronization of alpha oscillations show two conditions of high and low alpha power, respectively, Lines 1 and 2 give the gamma firing activity of two NCAs that are located at different sites in the brain (for illustration purposes, the time lag between the two sites was set to 0 milliseconds). The rhythmic changes of alpha result in inhibition of the gamma cells (dotted vertical segments) or firing due to release of inhibition (solid vertical segments). Gamma synchrony between site 1 and 2 occurs only if inhibition is released at both sites simultaneously (illustrated in the bottom line). Thus a global decrease of alpha power as shown in the right column results in enhanced Intersite synchronicity. According to this model, an increase of alpha power at either of the two sites would be sufficient to disturb long-range gamma synchronization Thus the brain can selectively prevent parts of the brain from being incorporated in such a cortical network. (Adapted from Klimesch et a1.
)
favors the emergence of long-range gamma network. Stimulation at several sites of this synchronization and thus leads to the conscious network at the same time could be a way to perception of the tinnitus. overcome this problem. Scientifically, imaging Within this framework are several oppor such putative hubs poses a fascinating chal tunities for therapeutic intervention. Here we lenge that greatly exceeds the conventional discuss only a few of them. An interruption of approaches of analyzing oscillatory brain. re the synchronized gamma network should stop sponses. Deeper insight into this issue will be the conscious perception of the tinnitus sound. also therapeutically rewarding as potential We suppose that transcranial magnetic stim targets of brain stimulation. ulation and cortical stimulation of the audi tory Another possible intervention is to in 4s 47 cortex via implanted electrodescould crease synchronization within the global alpha work that way. The problem of this interven network. This would increase inhibition and tion, however, is the architecture of the net hence hinder global gamma synchronization. work. As stated earlier, most brain networks So far, we do not know the origin of the alpha are constructed like small-world networks, desynchronization in tinnitus. However, it has which are very tolerant to random attacks.
been suggested that alpha activity can be influ Eliminating one node does not destroy the enced deliberately by top-down processes of the whole network and is compensated by other subject.3o.36.37.48 The neurofeedback approach nodes. To interrupt the network reliably, we described here could be one way to modulate rather need to destroy one or more hubs in the the alpha network. In this study, we used the temporal cortex as the target for alpha enhance ment. Because the temporal cortex is an im portant hub in the tinnitus-related alpha network, this seems to be a good target for the intervention. One way to improve this method further could be to invent a technique that targets the entire alpha network. Also a combined feedback of the alpha and gamma network activity could help patients learn con trol over the tinnitus.
